This study presents a multi-disciplinary decision-support tool, which integrates geostatistics, social network analysis (SNA) 
Introduction
Livestock play a crucial role for the socio-economy of South American countries and certain diseases, such as foot-and-mouth disease (FMD), have had a severe impact on the livestock industry, limiting the trade of animals and animal products and impairing the economic development of the region (Romero et al., 1999; Naranjo and Cosivi, 2013) . For this reason many countries, in collaboration with international organizations, have established regional or national projects to progressively control and finally eradicate FMD. Peru has currently achieved "FMD-free without vaccination" status in more than 98.3% of the country, the remaining 1.7% is "FMD-free with vaccination" and the country is pursuing FMD eradication by 2015 (FAO, 2013) .
Peru is currently believed to be one of the world´s fastest-growing economies and Peruvian products are exported worldwide, with a variety of partners that includes China, the United States, Canada, Japan, the European Union, and Chile (BBC, 2011; SIICEX, 2013) . In such emerging economy, acquisition and maintenance of the "freestatus" for diseases, such as FMD, is vital to facilitate the development of the livestock sector and to sustain international trade of animals and animal products.
However, any future ban on FMD vaccination associated with eradication will bring a certain risk for Peru due to the potential for FMD re-introduction into a naïve population. Consequently, surveillance and control programs will need to be redesigned to account for this new epidemiological scenario (i.e. freedom from disease) with the ultimate goal of designing and implementing the most cost-effective measures to preserve FMD-free status. Implementation of a risk-based livestock insurance system may be a valuable tool for preventing, mitigating, and controlling potential FMD outbreaks, particularly in the scenario where there is limited or no economical compensation to farmers after an FMD outbreak. The application of livestock insurance systems may be beneficial for Peru in a number of aspects. On the one hand, it will contribute to the rapid notification of the disease (in case of reintroduction), because the farmer would receive compensation for the affected animals, which would allow the Animal Health Authorities to rapidly implement control measures and prevent further FMD spread. On the other hand, insurance is expected to play a role in FMD prevention by motivating producers to implement good practices in order to reduce the cost of the insurance premium and by establishing a set of minimum requirements and conditions producers must meet on both animal management and health status in order to obtain the right of compensation. Nevertheless, prerequisite for the design of risk-based surveillance systems or the implementation of livestock premiums, is detailed information and data on risk and economic metrics associated with alternative epidemiological scenarios (including, at least, best, most-likely, and worst-case scenarios) and the associated correspondent measures of uncertainty and variability. Such output would require the integration of a variety of tools, borrowing concepts and methods from diverse disciplines, such as spatial analysis, stochastic modelling, social analysis, and economics, into one single methodological framework. We failed to identify in the peer reviewed literature studies that provide such an integrated framework to prevent and control animal diseases in a real-case setting.
The multi-analysis decision-support system presented here was developed to: 1) quantitatively and stochastically assess the risk for potential FMD re-introduction into Peru (first component); and 2) quantify the FMD spread and economic impact associated with hypothetic FMD epidemics (second component). The paper here presents methods and results used for the latter component, which integrates a number of epidemiological tools that evaluate the sanitary and economic consequences of hypothetical FMD epidemics in the country. Ultimately, the multianalysis system presented here was developed to inform both: 1) Peruvian animal health authorities on the identification of risks and supporting risk-based surveillance and control programs; and 2) livestock insurance companies and stakeholders by providing a scientific basis for implementing livestock premiums to cover FMDassociated risks and mitigate the potential economic impacts of FMD re-introductions into Peru. This multi-analysis approach is flexible and scalable, and it may be readily adapted and implemented for evaluating FMD in other regions or countries or as a decision support tool for other food animal diseases.
Material and methods

Data
Data needed for conducting the multi-analysis approach is comprised of animal demographics and contact patterns, economic information (such as the annual value or market price of animals) and maps (depicting demographic and environmental features of the targeted region). Specific details about data requirements and data collected for this study are presented for each module (sections 2.2-2.6).
2.2. Geo-statistical approach for the estimation of the distribution/abundance of susceptible populations at the farm-level in Peru.
This first module was applied to estimate (as needed here) the spatial distribution and abundance of the susceptible population at farm-level in the country of study (i.e. Peru). No detailed (i.e. farm level) and updated (i.e. 2013) animal census and spatial distribution of farms was available to us. For that reason, and because animal demographics were believed to resemble that from the 1994 census (SENASA, personal com.), we used this first module to: 1) estimate the current (2013) number of FMD-susceptible animals (i.e. census) and farms in Peru, 2) geocode the farms per district, and 3) estimate the demographics at farm level (i.e. farm size, animal age and gender).
Specifically, we gathered information about the FMD susceptible livestock in Peru (i.e. cattle, pig, sheep, goat, alpaca, llama) at a district level (i.e. Peruvian lowest administrative unit) for the year 1994 from the third National Agricultural Census (CENAGRO, 1994) . Data consisted of: 1) the number of farms per species; 2) the number of animals per species, gender and age, 3) farm size (i.e. total number of animals on farm); and 4) the number of pure breed animals on the farm for each of the 1,834 districts in Peru (mean, median and, 5 and 95 percentiles of district area in Peru is 70.26, 20.72, 1.94 and 234 .93 km 2 , respectively).
Estimation of the number of FMD susceptible animals and farms for 2013
We used trend analysis based on linear regression models to estimate the FMD susceptible species per district for the year 2013 based on 1) the temporal evolution of the different FMD susceptible species available from 1994 to 2005 per department (Ministerio de Agricultura, 2013) and 2) the number of farms and animals per species, age and gender per district during 1994 (CENAGRO, 1994) . Linear regression models were appropriate because a marked linear trend for most of the species and departments was estimated (R 2 values= 0.90-0.95). Regression models were fitted using the function lm of the library stats in R language (R Core Team, 2013) .
Firstly, we used linear regression to fit the data from 1994 to 2005 to the linear formula:
where is the number of FMD susceptible animals of species s in department k per year t, is the intercept, which approximately corresponded to the number of animals of species s in department k during year 1994), and is the slope, which represents the number of animals of species s increasing/decreasing per year t in the department k.
Then, assuming that all districts within each department were experiencing similar and proportional increases and decreases as that the ones observed at the departmental level we estimated the number of FMD susceptible animals of species s in district j of department k for year t ( ) as follow: where is the intercept (i.e. the number of FMD susceptible animals of species s in district j of department k during 1994), k(j) is the department where district j is located, and is the number of districts in the department k. We used this formula to compute . The number of farms of species s in district j during year t, , was assumed to be proportional to the number of farms and similar in farm size and animal types of those observed in 1994 but for the corresponding number of animals in year t and, then, was calculated as:
where is the number of farms of species s in district j observed during 1994 (CENAGRO, 1994) . We used this formula to compute .
2.2.2. Geocoding and estimation of farm demographics (i.e. farm size, and animals age and gender).
We generated random points on a polygon using the csr function of the library splancs (Rowlingson and Diggle, 1993) , implemented in R language to produce the specific set of n point locations per district corresponding to the number of farms estimated to exist per district during 2013 ( ). As a result, each farm i was assumed to have a specific set of latitude and longitude coordinates.
Because each farm i of species s in district j was assumed to have the same farm size and proportion of animals by gender and age as the ones observed during year t, , as follows:
where is the proportion of animals of species s, gender g and age a on farm observed during 1994 (Table 1) . We used this formula to compute .
Social network analysis for evaluation of farm-to-farm contact patterns
The module of social network analysis (mII) was implemented to evaluate the patterns of direct contacts among farms and compute centrality measures for each farm.
Information about animal movements within Peru from farm-to-farm was based on the Domestic Transit Health Certificate (CSTI) data for 2011 and 2012 (although only data from 2011 was used here) and it was provided by the National Agrarian Health Service of Peru (SENASA, Ministry of Agriculture). Specifically, we obtained information about the origin, destination, day of movement, number of animals moved per species, purpose of movement (i.e. trade; fattening; exhibition; reproduction; consumption; slaughterhouse; other) owner-ID and driver-ID and truck-ID involved in the movement.
First, spatially explicit networks were constructed using premises as nodes and yearly (year graph) or monthly (monthly graphs) movements as edges. Movements to slaughterhouses were assumed to have a negligible risk for FMD spread and were not considered in the analysis. Second, we computed several standard statistics such as shipment size (i.e. number of animals shipped) and Euclidean distances per shipment, and SNA metrics such as node centrality measures (i.e. degree and closeness, Freeman, 1979) . Briefly, degree centrality is a measure of the number of incoming (in-degree) or outgoing (out-degree) shipments that a farm has. Closeness centrality is an indicator of how closely connected a farm is from (in-closeness) or to (out-clonessnes) all other farms. These metrics are assumed to be proxies for potential introduction and/or spread of FMD into or out of a farm (Martínez-López et al., 2009 ). This module was developed and run in R-language using library igraph (Csardi and Nepusz, 2006) .
Spatial and stochastic model for the simulation of within-and between-farm disease transmission (Be-FAST)
In module III, we adapted a previously described and validated model referred to as Be-FAST (Martínez-López et al., 2011; 2012; Ivorra et al., 2013) for the simulation of within-and between-farm transmission of FMD in Peru. Values of parameters that changed from those described in the original model are detailed in table 2.
We ran 1000 epidemics using different index farms (i.e. different farm type, trade patterns on farm, farm size, and farm geolocation) because we were specifically interested in evaluating the magnitude and duration of potential FMD epidemics under diverse epidemiologic conditions. We specifically defined four scenarios and run 250 epidemics for each one of them. In the first scenario, the index farm was randomly selected throughout Peru. In the second, index farms were selected from farms that had an out-degree>0 during 2011 (i.e. farms sending animals to other farms during 2011). For the third scenario, the index farm was randomly selected among those farms located in the two ecological regions of Peru, coast and mountains (Figure 1) , that have the highest farm density. Finally, in the fourth scenario, the index farm was randomly selected only from farms located in northern Peru (i.e. departments of Tumbes, Piura, Cajamarca, Lambayeque, Amazonas, Loreto, and San Martin), which includes the districts currently not recognized as free-without vaccination (i.e. high risk region). The index farms selected for starting the FMD epidemics per scenario are shown in Figure 1 .
Model results were summarized using the mean and 95% probability interval (PI) and include: the number of infected and quarantined farms and animals; the duration (in days) of the epidemic and of the quarantine; the risk of a farm becoming infected, defined as the number of times that a farm becomes infected considering all simulations; the between herd effective reproduction ratio, R h , defined as the amount of secondary infections caused by one infected farm in a "not naïve" population (Anderson and May, 1991) ; the proportion of farms infected by direct contacts (i.e. animal movements), local spread, movements of people and of vehicles; the percentage of farms detected as infected by observation of clinical signs, active surveillance in the control and surveillance zones and tracing. We also computed the percentage of epidemics that resulted in a non-spread of the disease and that lasted more than 2 years (i.e. became endemic). This module was developed and run in MATLAB (Ver.7.5.0.342 R2007b-The Math-Works Inc.) and model outputs were summarized using R language with library doBy (Højsgaard and Halekoh, 2013).
Economic analysis: potential costs to be covered by livestock insurance systems.
In this IV module, we were interested in quantifying the direct and indirect costs associated with potential FMD epidemics and that may be covered by livestock insurance. Specifically, we computed the direct costs associated with animal compensation (i.e. dead or slaughtered animals) and the indirect costs associated with the animals quarantine (i.e. depreciation of animal value and cost of feed). Direct and indirect costs were estimated per each scenario as a function of 1) the number of FMD-affected animals of species s in each age-gender category (i.e. adult female, adult male, juveniles obtained from modules I and III output); 2) duration and number of farms (and animals) quarantine, obtained by outputs of module III; 3) animal market prices for each department of Peru and each animal category during 2013, obtained from module I output and an expert opinion survey (see below); and 4) costs associated with the quarantine of animals, which were assumed to be similar but slightly (25%) smaller than the ones estimated for the livestock insurance systems in Spain (see for example: Ministerio de Agricultura, Alimentacion y Medio Ambiente, 2013): 7US$ per week for adult cattle, 3US$ per week for young cattle and adult pig; 2US$ per week for adult sheep, goat, alpaca and llama; 1 US$ per week for young sheep, goat, pig, alpaca, llama. Only farms quarantined between 3 and 17 weeks were assumed to be eligible for compensation. Specifically, the minimum, most likely, and maximum animal and animal products market price in Peru was collected using an Excel based questionnaire (in Spanish language) that was distributed to experts from different departments in Peru. The (translated) tables of the questionnaire are presented in the supplementary material. Pert distributions were created using those minimum, most likely and maximum values and integrated into the analysis using the library mc2d (Pouillot et al., 2013) (Figure 2 ). Productivity effects (morbidity and mortality) and control costs, among others, were not quantified because it was out of the scope this analysis.
Mapping tool: spatial visualization of outputs from modules I-IV
This module consists of the integration of graphical and mapping capabilities to explore outputs of modules I-IV. We produce boxplots, histograms, epidemic curves and raster and vector maps to facilitate the temporal and spatial representation and interpretations of results for decision makers. For raster maps we specifically used quartic kernel function with a correction for edge effects implemented in the kernel2d function (library splancs, Rowlingson and Diggle, 1993) . Fisher-Jenks algorithm (Fisher, 1958) was used for determining data categorization (library classInt, Bivand et al., 2013b) . Maps of the administrative regions of Peru at the first (department), second (province), and third (district) levels of administrative organization were gathered from the Ministry of Environment of Peru (Ministerio del Ambiente, 2013) .
This module was developed and run in R-language using also the libraries maps (Becker and Wilks, 2013), maptools (Bivand et al., 2013a) , mapproj (McIlroy, 2013) , sp (Pebesma et al., 2013) , RColorBrewer (Neuwirth, 2011).
Sensitivity analysis and validation
An extensive sensitivity and validation analysis showing the impact of changes in the input data and in model parameters have on the results of the Be-FAST model were performed and presented in literature (Martinez-Lopez et al., 2012; Ivorra, et al., 2013) .
Because we used estimated spatial farm locations for the model, we wanted to address the impact that changes in farm coordinates may have on model outputs, so we ran additional (n=100) simulations with perturbation of 10km in the geolocation of farms within the district and statistically compared the results with the baseline scenario described in section 2.4. using the Wilcoxon tests implemented in R language (library stats, Hollander and Wolfe, 1999) .
For validation purposes, we visually compared the estimated magnitude, duration and spatial distribution of FMD epidemics with those recorded in previous FMD epidemics in Peru.
Results
Spatial distribution and demographics of susceptible population at farm-level in Peru.
The estimated total number of FMD susceptible animals and farms for Peru in 2013 was 27,671,887 and 1,986,750, respectively. The estimated number of animals and farms per farm size and type of animal is shown in table 3.
High density areas corresponded to the coast and mountain ecological regions (Figure 3) . Half of all farms (49.3%) in Peru were estimated to be small size (<8 animals), whereas 43.3% and 7.4% were classified as medium (9-38 animals) and large (>38 animals) sized, respectively (Figure 3 ).
Farm-to-farm contact patterns.
The network of farm-to-farm animal movements in Peru during 2011 included 12,068 nodes (farms) and 16,650 edges (movements). The mean, median and (95% PI) number of animals shipped by movement was 17, 13 and (1, 70), respectively, although there were big differences in the shipment size by species (Table 4 ). The number of animals moved per month by species is shown in Figure 4 . Most (78.2%) of the movements originated from medium to large cattle farms and most (84.6%) of the shipments were of cattle (table 4 and Figure 5 ). Farms with high (i.e. above the mean) values of out-degree and out-closeness centrality were mostly found in north and south part of Peru (Figure 6 ).
Within-and between-farm FMD transmission
The overall mean (95% PI) number of infected farms and animals after 1000 model simulations were 73 (1, 1,164) and 2,152 (0, 13,250), respectively ( Table 5 ). The mean (95% PI) time (in days) to detection and duration of the epidemic were 11 (1, 38) and 64 (0, 442), respectively. Spread of disease was primarily local with the mean (95%PI) number of infected districts equal to 4 (1, 16) and the mean (95% PI) distance from the source of infection to the infected farm of 4.5 km (0.5, 10.0).
The percentage of farms (and percentage of animals) infected corresponding to small, medium and large farm sizes was 39.6% (8.4%), 54.5% (62.4%), and 5.9% (29.2%), respectively.
The mean (95% PI) risk and R h values were 1.32 (1, 4) and 2.79 (1, 11), respectively. Most (99.46%) of the infections were due to local spread, whereas 55.5% of detections were associated with active surveillance in the control zone. Up to 8.5% of the initially infected index cases were not spreading further the disease. A total of 6% of the epidemics lasted more than 2 years (i.e. maximum simulated period).
The highest magnitude and duration of FMD simulated epidemics were observed for scenario 2 (random index farm among those with out-degree>0), whereas scenario 4 (random index farm among those located in norther Peru) had the lowest values (Table 5) .
The highest risk of a farm becoming FMD infected was concentrated in the coast and mountains ecological areas for all scenarios (Figure 7 ). Largest epidemics were observed when mixed farms were selected as index cases with a mean (95% PI) number of infected farms of 224 (1, 678). This figure for index cases being cattle, sheep, goat, alpaca and llama farms was 192 (1, 1993), 107 (1, 605), 48 (1, 589), 98 (1, 923), 73 (1, 289), 79 (3, 227), respectively.
Economic analysis
The overall mean (95% PI) direct costs associated with dead or slaughtered animals in a FMD epidemic in Peru was US$1.19 million (1,072-9.5 million) (Table 5) . Lambayeque (mean= US$2.9million), Puno (mean= US$2.6 million), Lima (mean= US$1.9 million) and Cusco (mean= US$1.8 million) were the departments concentrating the highest direct costs per epidemic, whereas Loreto (mean= US$3,934) and Ucayali (mean= US$25,527) were the ones with the lowest direct costs per epidemic (Figure 8 ). The highest direct costs per epidemic were associated with mixed and cattle farms and with farms of medium or large farm sizes (Figure 8 ).
The mean (95% PI) indirect costs associated with quarantine of animals in a FMD epidemic in Peru was US$ 120,700 (0, 735,907). The highest cost of quarantine was associated with cattle and sheep farms with a mean (95%PI) of US$ 4,344 (0, 33,092) and US$ 2,786 (0, 18,730) costs per farm per epidemic, respectively.
The scenario 2 (random index farm among those with out-degree>0) was the one showing the highest direct and indirect costs (Table 5) .
Sensitivity analysis and validation
Random perturbations of 10km of the farm geolocations were not substantially modifying the magnitude (i.e. number of infected farms and animals) and duration of the simulated FMD epidemics in Peru (Wilcoxon tests were no significant, pvalue>0.05).
Estimated magnitude, duration and spatial location of FMD epidemics in Peru were very similar to those observed in historical epidemics in the country and described by Estrada et al., (2004) and Valderrama (2010) (Figure 9 and 10) . Values of the herd reproduction ratio, R h , described by Estrada et al. (2004) (referred here as the between herd effective reproduction ratio, R h ) for the day 2 (R h =5.3) and 25 (R h =1.31) were also in the range of those obtained here for the total number of simulations (R h =2.79 with 95% PI (1, 11)) and for the different scenarios (Table 5) .
Discussion
This study is the first to provide detailed quantitative estimates of the risk of FMD spread, including a sanitary and economic impact analysis of potential FMD epidemics in Peru, for the scenario of re-introduction after eradication. These results were generated using a multi-analysis approach that integrates geo-statistical (mI), social network analyses (mII), a spatial and stochastic within-and between-farm spread model (mIII), an economic analysis (mIV) and mapping and visualization capabilities (mV). These modules were specifically adapted to Peruvian epidemiologic conditions, legislation (Gobierno de Peru, 2004) and data availability and can be easily adapted if additional or new information becomes available (e.g. updated farm census or farm-to-farm movements). Results provided in this study will be useful to inform the development of risk-based surveillance systems and the implementation of livestock insurance systems to better prevent and control future FMD epidemics in Peru.
Results revealed that future FMD epidemics in Peru are expected to have a relatively small magnitude (73 infected farms, 2,152 infected animals), duration (64 days), and economic impact (1.2 million US$), with most (99%) of the premises infected by local spread (Table 5) , which is in agreement with the transmission patterns and self-limiting nature of FMD spread reported in previous studies (Estrada et al., 2004 , Valderrama, 2010 . Surprisingly, 8.5% of index cases did not even result in further FMD spread. This may be explained, at least in part, by the combination of an isolated location (i.e. no farms around), small farm sizes and the scarce trade patterns (i.e. no outgoing movements) of many farms in Peru, particularly, those in Jungle and mountain regions. However, the model also shows that FMD epidemics under certain epidemiological conditions (i.e. index farms located in high density areas, with high number of outgoing shipments, large farm size, and mixed species on farm) may lead to wider spread epidemics (Table 5 and Figure 7) ; note that around 6% of the epidemics may persist for more than two years (and hence FMD may become endemic again), which highlights the importance of implementing appropriate measures to prevent and rapidly control potential FMD-reintroductions. One preventive measure may be the implementation of risk-based surveillance in farms or areas identified to be at "high risk" for FMD re-introduction and spread or the use of livestock insurance systems, that may not only assist in the mitigation of FMD economic costs but will also promote the rapid notification of infected farms. For example, in light of the results here mixed or cattle farms, particularly those with medium or large farm size ( Figure 5 and 8) and large values of out-degree or out-closeness ( Figure 6 ) and located in areas identified to be at high risk of becoming FMD infected (Figure 7 ) should be target for the implementation of risk-based surveillance strategies. Similarly, the risk and direct and indirect costs estimated considering the demographics and species raised on farm, farm size, trade patterns and geolocation (Figures 5, 6 and 8) of the farm should provide foundations for computing adequate livestock premiums adapted for each type of farm in Peru.
A sound epidemiological base is essential for conducting realistic risk and economic analyses (Rushton et al., 2008; Rich and Perry, 2011) . For that reason, considerable effort has been exerted to ensure these analytic methods: 1) realistically estimate and approximate the on farm demographics (i.e. age, gender), spatial distribution, abundance and the farm-to-farm contact patterns of the FMD susceptible population in Peru (module I and II) and; 2) as accurately as possible simulate FMD transmission using a stochastic within-and between-farm spread model (module III). A cross disciplinary team with epidemiologists, infectious disease experts, mathematical modellers and a sociologist was used for such purpose. Expertise from Peruvian livestock specialists was also gathered though expert opinion surveys. We believe that the estimates obtained here are compatible with historic data and biologically sound, in light of the comparison with the number, location and R h estimates of historical outbreaks (Figure 9 and 10), and that offer detailed measurements and uncertainties on estimates, which are prerequisite for supporting the design and implementation of risk-based surveillance and livestock insurance systems. However, there are a number of limitations and assumptions that need to be considered when interpreting the results presented. First, the number of farms and animals were estimated based on trend analysis from historic information at a district and department level. Second, the specific farm location within a district was assumed to be random. The use of actual farm demographics and coordinates may increase the accuracy of the predictions; unfortunately, such information was not available to us and, to the best of our knowledge, it is not currently available in Peru. Moreover, model estimates were robust to changes in farm coordinates, which suggests that the outputs presented here were consistent. Third, a number of assumptions were made for both the Be-FAST model and the economic analysis due to the lack of information, mostly for parameters related with alpacas and llamas. For example, alpacas and llamas were considered to have the same within-farm transmission parameter than sheep or goat (i.e. worst case scenario), which may lead to an overestimation of the FMD spread, particularly in epidemics involving llama and alpaca herds (i.e. less than 1% of the total number of simulated epidemics). However, the impact of such overestimation of FMD spread is expected to be very low as camelids make up a very small proportion (only 1.1%) of the population at risk. We also assumed that vehicles transporting alpacas and llamas are 50% less likely to spread the disease than vehicles transporting other FMD susceptible animals. These assumptions were based on the much lower susceptibility and transmissibility reported for llamas and alpacas compared with other livestock species in previous studies (Lubroth et al., 1990; Sutmoller et al., 2003) . Other assumption was that the potential FMD local spread was similar to the one reported by Sanson et al. (2006) for the 2001 FMD epidemic in UK because no information about probability of local spread was available for Peru. Note that by assuming this we did not account for the dense vegetation and particular orographic characteristics in the jungle and mountain regions of Peru, respectively. These natural barriers are certainly very difficult to account for and to incorporate in simulation models. As a result, local spread is likely to be overweighed here, producing an overestimation of the FMD spread, particularly, in the mountainous and selvatic regions of Peru (e.g. clustered pattern in Figure 7 ). Note also that our economic analysis was restricted to the estimation of the direct costs due to slaughter or dead of animals and the indirect costs due to quarantine of animals, as those were the most important estimates needed for the design of the livestock insurance systems. A natural extension of the economic analysis presented here (module IV) will be the incorporation of a more extensive socio-economic analysis that assesses the microand macro-economic impacts of potential FMD re-introductions at a farm, livestock sector and national level. Despite all the assumptions, we believe that a considerable effort has been made to provide a dynamic, realistic and complete framework in which assumptions (and code) are clearly presented and traced (i.e. transparent, not a blackbox) and that epidemiologic and economic estimates are a good representation of the real world the model tries to simplify. Model assumptions may also be easily improved if better values for the parameters become available.
In conclusion, this study provides detailed quantitative estimates on both the risk and economic costs of potential FMD epidemics in Peru, with the ultimate goal of informing decisions regarding risk-based surveillance and livestock insurance systems implementation. The approach presented here reflects a new generation of multianalysis systems that may be easily updated if more information becomes available or re-run for answering specific questions (what if scenarios) of different stakeholders. We believe that this integrated and almost-real time decision support tools will be very useful to better prevent and control livestock diseases. Probability to depopulate a detected as infected farm (2) 1 Maximum number of farms to be depopulated at day t
Poisson [20] Time to repopulation of a depopulated farm Figure 7 . Risk maps of the potential FMD spread in the scenario with random selection of the index farm (sce1), random index farm among those with outgoing shipments (out-degree>0) (sce2), random index farm among those located in coast or mountain (sce3) and random index farm among those located in the North of Peru (sce4) and when considering the total number of simulations (total). Epidemic curve (with indication of the mean day of epidemic duration) for the total number of simulations is shown in the graph. Quartic kernel function with a correction for edge effects is used for plotting the maps. Fisher-Jenks algorithm was used to select the categories for the maps. Figure 8 . Boxplots (a, b, c, d ) and map (e) of the estimated direct costs ($US) associated with an FMD epidemic in Peru by farm type (a, zoom in c), farm size (b, zoom in d) and department (e). Boxes limits of the boxplots correspond to 1 st and 3 rd quartile, the whiskers represent the 1.5 times the interquartile range (IQR), and the median is represented by a bold line in the box. Department labels for the map are: LA=Lambayeque; PU=Puno; Lima=LI; CU=Cusco; LO=Loreto; UC=Ucayali. 
